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Section 1

Executive Summary

Project Goals

The goal of this project was to demonstrate an automatic charging system on an
electric vehicle (EV) as a means of enhancing the desirability of EVs.

The problem stems from the EV’s short driving range per charge, which requires
EV drivers to charge the vehicle’s battery approximately six to eight times more
often than one might have to fill a conventional car with gasoline. By eliminating
most of the driver’s involvement with the charging process, the automatic
charging system helps to ensure that the frequency of charging operations is not
a source of irritation for the driver. Perhaps even more important, the automatic
charging system also insures that no opportunity to charge the EV is missed. This
feature will substantially expand the capability of the vehicle, improve its
reliability, and increase the service life of its battery.

The charger developed for this project offers a number of additional benefits:

* Low cost: The fully developed Inductran system will be far less expensive
than any alternative technology because it uses efficient materials, can be
built with low-cost manufacturing methods, and employs a relatively simple
and straightforward control subsystem.

* Minimal power quality issues: Operating at line frequency, Inductran
chargers do not require high-power solid-state switching to regulate the
charging algorithm. Solid-state switching create very-high-frequency
harmonics that can be biologically and electronically very troublesome,
threatening consumer electronic devices :

® Universal charging: The Inductran charging station can serve almost any
electric vehicle, provided the size and power rating of the coupling inductors
on vehicles match those of the source inductor. The source inductor’s coils
can be wound to suit whatever operating voltage is required. Different types
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and sizes of batteries can be readily accommodated by designing the coupling
and the charge controller on the vehicle to suit whatever operating voltage is
required.

* High efficiency: Inductran chargers can achieve very high efficiencies:
greater than 97% at full load. The system developed for this project achieves
90% efficiency.

*» Safety: Inductran systems are inherently safe. They contain no exposed cords,
connectors, or cable, and the coil conductors in the couples are triple
insulated and protected by an enclosure typically constructed of high-
pressure glass/epoxy laminate. Electrical terminal and controls are encased in
sealed enclosures. The system has been successfully tested while the power
coupling was under water.

* Tolerance for misalignment: Drivers don’t need to park perfectly to start the
automatic charging process. A test showed that a coupling was able to
transfer about 75% of its rated power when misaligned by six inches. Our
driving tests showed that drivers were able to park the car correctly without
repeated attempts.

The design, development, and demonstration work of this project provides a
much-needed “big picture” of the ability of automatic charging to expand the
market for EVs. Beyond establishing the feasibility of design, this project allowed
evaluation of the more elusive “human factors” that can make or break the
market acceptance of a new technology.

Approach

This project consisted of multiple tasks, performed over a period of several years,
as summarized below.

Conceptual Design Study

The project team began by conducting a conceptual design study to recommend
an optimal design. Described in detail in Section II of this report, the study
looked at a number of issues, such as the control subsystem, the driver interface,
and the power rating. It also evaluated two potential charging station
configurations—drive-over or bumper-mounted—for ease of use, ease of
mounting the equipment on the vehicle, manufacturing, retail, and installed
costs, aesthetics, etc. Upon completion of this study, the team recommended the
driver-over configuration, outlined a QA /QC plan for its manufacture, and
estimated it could be competitive with other EV supply equipment (EVSE).
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Detailed Design

With approval from the advisory committee to proceed with the drive-over
configuration, the project team began the detailed design stage. This resulted in
detailed drawings and specifications to support fabrication of the charging
system, modifications of the demonstration EV to interface with the system,
installation of the charging station, and system testing. This included reviewing
with experienced fabricators the manufacturing and assembly costs for all
components to ensure that the project would be free from undue complexity or
expense. The team then fabricated an engineering-test power coupling and tested
it with variable output to a load bank and battery to determine the maximum
output of the coupling; the coupling’s tolerance for misalignment; power factor,
power quality, and voltage/current characteristics, and the charger’s efficiency.
These tests all showed that the system would meet design, performance, and
operational expectations.

Fabrication and Installation of the Prototype

After receiving approval from the advisory team on the detailed design, the
project team fabricated a prototype, working with experienced fabricators who
have manufactured many other Inductran products, and who agreed to
participate in the QA /QC procedures. Specifically, BV Producing Machining of
Petaluma, CA, manufactured the charging system components and S. Stephanos,
Consultants assembled and tested the electronic assemblies. Finished
components were then pretested as feasible and then incorporated into the
charger prototype by technicians, overseen by design engineers. During this

time, the test bed EV was modified to accommodate the charging subsystem on
the vehicle.

Testing

The project team developed a test plan to evaluate critical operating
characteristics, as well as consumer acceptance factors. After the project review
team approved the plan, testing was conducted at CAVTC; an ARB-qualified
independent laboratory in Hayward, CA equipped to conduct exhaust and
evaporative emissions tests and a previous in-use compliance contractor. The test
plan and details of the testing are found in Appendix A. Generally, results were
favorable, showing that the charging mechanism performed to its design
specifications in a real-world application and drivers expressed overall
satisfaction with the automatic charging procedure.

Demonstration

The next project phase was a field demonstration. The primary purpose of this
demonstration was to learn more about the market potential of the automatic

charging system by monitoring its performance—and driver reactions to using
the system--in everyday use. The demo also provided an opportunity to gather
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additional data, such as kWh and vehicle range per charge, the charger’s
tolerance for parking misalignment, charging time, etc.

The demonstration of the system was delayed and hampered by some problems
with the EV. Several cells in the sealed lead acid battery developed faults that
compromised the range capability of the vehicle. The vehicle was sent to the
manufacturer for the needed cell replacements, since access to the battery in this
vehicle required special handling devices. In order to prevent further problems
and to protect against the possibility of a fire, the depth of discharge of the
battery was not allowed to drop below 50%. It was also found that the vehicle
and charging system electronics imposed a continual parasitic load on the
battery even when the vehicle was parked, which tended to compromise the data
relating to the vehicle’s energy consumption on the road.

The BKI team and the ARB/SCAQMD advisory team decided to conduct the
field demonstration at CAVTC, using trained CAVTC technicians as drivers. The
BKI team then developed a demonstration plan, which was approved by the
advisory team, and initiated the demonstration at CAVTC. The demonstration
plan is available in Appendix B, and a summary of the demonstration can be
found in Section VI

Findings

In a six-week trial of the automatic charger, CAVTC drivers used the EV for their
daily tasks and exposed the system to trials of varying distances. Drivers were
asked to record vital data in a driver’s log. This included the trip distance, kWh
used, charging time, state-of-charge levels of the on-board battery, and parking
tolerances in relation to the charger itself. Drivers were also asked to record their
impressions of the charger’s performance. In general, drivers found the
automatic charger easy to use and felt that public perception would match their
experience.

Overview of the Project and the Work Product

The project work was performed in the period from May 1997 through October
of 1999. The “drive-over” arrangement that was used for the prototype charging
system was selected after closely comparing its concept with one for a “bumper-
mounted” arrangement. The project team also had to resolve challenges to the
basic structure of the project by members of the advisory committee. The
challenges that were resolved included the suggestion that the project be
modified to develop a high frequency system rather than the use of the low
frequency system as was originally proposed; the alteration of the project so that
the inductive power coupling would only provide power to automakers’ own
on-board charging systems rather than being a complete automatic charging
system as specified; and the use of an off-board charger instead of an on-board
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charger. ARB managers concurred that the low frequency system enhanced the
ease of using the charging system and its cost effectiveness, that the use of only
an inductive power coupling rather than an inductively coupled charging system
would put small EV manufacturers at a serious disadvantage, and that the
project goal would not be well served by an off-board charger. The project then
proceeded as originally planned. These efforts at altering the project goals and
scope added over three months to the schedule for the project.

A new design was used in housing the inductors that kept them from contacting
their enclosures in an attempt to reduce the transmission of sound to the outside
environment. Tests revealed that this technique was not effective, and numerous
experiments were made with other potential noise reducing methods and
materials. Sound levels ranged from a low of approximately 56 dB to a
maximum of approximately 67 dB. Levels of 60 dB and below were apparently
acceptable to most bystanders, although the system was typically operated in
configurations that produced about 64 dB. The sound level from a nearby
Nissan charger was measured at 54 dB. This issue could not be fully resolved
because of limited schedule time and resources, although the experiments
indicated that reaching a sound level below 60 dB in a fully developed charging
system could be achieved.

It was discovered in the course of testing the prototype charging system that its
installation on the EV had resulted in a serious increase in the energy being
dissipated in the coupling inductor. Power that was being supplied to activate
the vehicle’s electronics far exceeded the expected amount, and included a
substantial content of very troublesome high frequency ripple. Energy was also
extracted from the coupling by stray magnetic flux that heated nearby steel
components of the EV. These added losses in the coupling caused the thermal
destruction of the coupling’s coil winding, which required that the coupling coil
be rewound and the inductor moved farther from adjacent steel components. It
also required that the coupling’s power output be reduced from more than 6.6
kW to 6.3 kW in order to constrain its temperature rise. The 4.5% reduction in
power had a relatively small effect on typical charging cycles, since the charging
time during which peak power is being used is typically less than half of the
charging cycle time and does not affect the balance of the cycle.

The schedule time that was consumed in constraining the thermal problem in the
coupling required that the demonstration phase of the project be reduced in
order fo fit within the available project resources, as was agreed to by all the
concerned parties. The shortened time also prevented the completion of work to
reduce the sound emitted by the charger and the work to nullify affects on the
coupling of high frequency harmonics from the vehicle’s electronics.
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The coupling inductor was designed to utilize aluminum coil conductors as a
weight saving measure, but the schedule would not allow the extra time that was
required to procure it. Copper conductor was used instead with a weight
penalty of about 10 pounds. The total weight added to the vehicle was

approximately 91 pounds.

The results of engineering tests of the charging system are tabulated in Table 1.
They indicate that other than a slight reduction in maximum power capability,
the system met the functional requirements for a fully capable automatic
charging system. The charging algorithm was easily altered several times during
the tests by reprogramming the programmable logic controller in the system.
The system never failed to operate automatically during the engineering tests, it
proved to be as tolerant of parking inaccuracies as had been predicted, and its
controls were easily used and understood.

The specifications of the charging system as it was constructed are summarized

in Tabie 1.
TABLE 1.
Prototype Charging System Characteristics
Characteristic As Built Design Target
Maximum charging power 6.3 kW 6.6 KW
Input voltage 240, 60 Hz 240, 60 Hz
Maximum input current 40 amps 40 amps
Required operator training none None
System efficiency 90% 90% minimum
Ease of use
Required parking accuracy +- 5" (approx.) max. tolerance
On/off control automatic Automatic
Projected installed cost in
large quantities $2945.00 Competitive
Sound level 64 dB (typical) <60 dB
Voltage harmonic distortion 2.5% (@ max. load) 3%
Current harmonic distortion 18% (@ max. load) Minimal
Power factor 95% (@ max. load) 90%
Weight added to EV 91 Ibs. 70 Ibs.
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The demonstration cycles of the EV and charging system are summarized in
Table 2.

TABLE 2.
Charging System Demonstrations

Number of automatic charging/parking cycles 29/30

max. min. avg.
Miles per trip 46.00 5.00 17.70
Travel time per trip, minutes 115.00 15.00 49.40
Energy charged to EV, kWh 16.00 3.00 7.60
kWh/mile 1.00 0.28 043
Charging time, hours 278 0.94 1.70
Number of monitored parking operations 30
Number of successful parking operations on first attempt 25
Number of unsuccessful first parking attempts 5
Number of successful second parking attempts 5

Vehicle’s alignment offsets from the charging station (inches):

In 30 successful attempts: max. min. . avg.
lateral offset 3.50) 0 1.45
longitudinal 8.12 0.38 3.31

In 5 unsuccessful attempts:
lateral offset 7.00 1.75 5.40
longitudinal offset 17.25 1.88 6.15

Conclusions and Recommendations

The Inductran prototype foreshadows promise for development of commercial
automatic charging systems. As demonstrated in the field tests, drivers quickly
learned to align the vehicle correctly, and agreed that the ease of charging far
outweighed any parking considerations. This finding is consistent with
comments from drivers of industrial EVs that use automatic charging. These
people report greatly appreciating the reliability of the system and the
confidence that vehicles would always be ready for use, just through constant
opportunity charging.

There’s every reason to believe that these benefits can be easily transferred to the
consumer sector. With inductive charging readily available at worksites,
downtown areas, and shopping and entertainment centers, consumers won'’t
have to count round-trip mileage before taking the electric vehicle. And they
know that every time they park at home, their vehicle will receive a charge,
priming the batteries for the next trip and generally ensuring the overall health
of the battery by helping avoid deep discharges.
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The project participants recommend that CARB and SCAQMD consider taking
the existing charger design and moving forward with a production prototype.
For applications with passenger EVs, a different, more reliable vehicle should be
considered. However, the participants feel that the automatic charger would be a
good match for other applications such as industrial equipment and airport
ground support equipment—applications ripe for a greater penetration of
electric equipment. The automatic charger also would be ideal for fleet
applications where similar vehicles would share a common charger. This would
eliminate the need for modifications of the inductor windings to match different
vehicle types. The participants also believe that the noise and heat generated by
the charger make it less than ideal for residential applications, another reason to
recommend its use in industrial and fleet settings.
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Section II

Conceptual Design Study

Summary

The project team developed a conceptual design for implementing an inductively
coupled automatic charging system under Task 1 of this contract. Specificaily,
the team focused on the design elements of integrating the Inductran automatic
charging system into the EV selected for this project, the AC Propulsion Saturn
EV, provided by the South Coast Air Quality Management District (SCAQMD).

The report begins with an overview of the inductive charging system. It then
presents two mounting options—the bumper-mounted system and the drive-
over system—and recommends the most favorable arrangement. Following this
presentation, the report discusses the benefits of the low-frequency system
chosen for this project over other possible automatic charging systems.

The quality assurance/quality control guide included in the original report on
the design study can be found in Appendix C.

Design Objectives

The design of the automatic charging system meets a number of important
design criteria specified in the RFP. Foremost, the system starts and stops the
charging process automatically, eliminating the need for any driver intervention.
Easy to use and extremely safe, it is also consumer-friendly. Further, it is
anticipated that all applicable codes and standards can be met in the construction
of the charger, and that the charger will likely have a benign effect on the utility’s
power system. Finally, we estimate that the installed cost of the unit should be
equivalent to that of standard electric vehicle charging equipment. The sections
below will discuss these features in greater detail.
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The Automatic Charging System

The automatic charging system consists of two systems:

* Anon-board charging system that contains an inductive power coupling, a
charge controller, and a control electromagnet

* Anoff-board charging station that contains the source inductor, the electrical
controls for the incoming power from the utility service, and an articulated
suspension that allows the source inductor to move against the vehicle’s
inductor

When the vehicle parks in a charging station, the on-board charging system
initiates a charging cycle, rectifies the incoming power from ac to dc through the
inductive power coupling, monitors and regulates the charging voltage, and
terminates the charging cycle when the battery is fully charged or when the
vehicle prepares to leave the charging station. Figure 1 provides a schematic
view of the charging system.

The Inductive Power Coupling

The coupling inductors in the charging station and on the vehicle consist of a
laminated steel core and a coil winding around the central portion of the core.
The core is rectangular in plan view and in the shape of a shallow “U” in
elevation.

Current flowing in the coils causes ac magnetic flux to flow through the cores
and to pass in and out of the legs of the “U” (i.e., the poles) and across the
clearance airgap that separates the inductors. This magnetic flux induces voltage
in every turn of the inductor coils as it flows through the magnetically linked
cores. The number of turns in the coils is chosen so that the induced voltage in
the source inductor’s coil matches the input voltage, and the induced voltage in
the vehicle inductor’s coil is sufficiently high to charge the vehicle’s battery.

The magnetic flux that flows through the cores of the coupling inductors when ac
power is turned on creates an attractive force between the inductors. If needed,
this force can be used to pull the inductors together against separating rubber
pads.

Vehicle Alignment

The driver takes the first step in the charging cydle by parking the vehicle in a
charging station and aligning the source inductor in the station and the on-board
inductor accurately enough to allow effective power transfer. A number of aids
can make alignment easier and more precise. In one experiment, for example, the
driver visually lined up a small index on the hood of the vehicle with an
alignment reference in the charging station. This method was very easy for the
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driver to use and understand, and resulted in accurate lateral positioning of the
vehicle. Industrial systems have used markers in the pavement beside the
vehicle’s path to show the driver when the vehicle is the correct longitudinal
position. Several other alignment methods have been considered during Task 1
and appear to be feasible. These methods and possibly other new concepts will
be further investigated in the next project task.

Control Functions in the Charging System

Charging cycles are automatically initiated when the driver parks the vehicle in a
charging station and turns the key switch off. The system responds by energizing
a control electromagnet located on the vehicle, yet near the off-board charging
station. Upon sensing magnetic flux from the electromagnet, a magnetic switch
in the off-board charging station activates a solid-state relay that controls input
power to the charging station. The flux pattern of the electromagnet is designed
to operate the magnetic switch only if the vehicle is within the positional
tolerance of the charging station.

This system automatically controls the battery charging process. Specifically, the
electromagnetic characteristics of the power coupling limit the current flowing
into a deeply discharged battery to the maximum rated current of the coupling
and limit the maximum charging voltage to suit the particular battery. This
regulating process is a highly reliable passive control method that requires no
maintenance or adjustments. In contrast, most other chargers use complex and
often troublesome electronic controls to accomplish these functions.

The coupling will deliver only its rated current, no matter how low the voltage of
a deeply discharged battery might be, until the charging voltage approaches the
maximum charging voltage for the particular battery. When the voltage
approaches the maximum, the coupling’s output characteristic changes to a
constant voltage. The coupling maintains this constant voltage until the charging
current drops to a low value as the battery reaches a fully charged condition. The
output voltage then rises and indicates this condition. Sensing the rise, the
charger controls turn the system off.

The basic charging controls can easily be modified to incorporate other control
functions. For example, the controls can accommodate “time of day” charging,
which allows charging only during hours of low demand on the utility system,
when electricity rates are lowest. Another optional function is to prevent
charging if the electrical demand in the household exceeds a particular limit.

Several types of digital communication links between the vehicle and the

charging station (e.g., infrared, RF, ultrasonic) can be used to identify the vehicle
in the station for monitoring, recording, and billing for the charging energy.
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These control functions need only generate a low-level signal to activate the
solid-state relay that turns the charging station on or off.

Driver Control and Display Panei

A manually operated switch in the driver’s control /display panel allows the
driver to stop a charging cycle for any reason. The panel graphically displays the
magnitude of the charging current, which indicates the degree to which the
battery has been charged.

The charger controls on the vehicle will include programmable electronic logic
that will accommodate additional control functions that might be found
desirable in the course of testing and demonstrating the automatic charging
system.

interfacing Requirements Between the Charging System and ithe Baitery
The battery pack in the proposed demonstration vehicle is a sealed lead-acid
battery of the absorbent glasmat (AGM) type, otherwise known as a valve-
regulated lead-acid (VRLA) battery. When charging this type of battery, care
must be taken to maintain even distribution of voltage among the individual
batteries that make up the battery pack. VRLA battery manufacturers
recommend using circuits in parallel with the individual batteries to bypass
some fraction of the charging current around batteries that exhibit too high a
voltage as they are being charged. Circuits to perform this function will therefore
be provided in the charging system.

Operating Characteristics

Universality

The Inductran system can be a universal charging system provided the power
rating of the coupling inductors on the vehicle does not exceed that of the source
inductor. That is, the charging station can operate with any line voltage and
serve vehicles with different battery voltages provided the source and vehicle
inductors are wound to suit whatever operating voltage is desired for the battery
system on board the vehicle. Different types and sizes of batteries can be readily
accommodated by designing the coil in the coupling and the charge controller on
the vehicle to suit the battery charging requirement and algorithm.

Efficiency

Previous versions of Inductran chargers have achieved efficiencies of over 90%,
the goal of this project. The efficiency of the Inductran system is at the discretion
of the system’s designer. Losses in the system are primarily resistive losses in coil
windings and losses from diode voltage drops in the silicon bridge rectifiers. Coil
losses are constrained to low values by using conservative current densities in
the coil conductors and taking advantage of design techniques that minimize
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current in the coils. Systems have ranged in efficiency from approximately 86%
to 97%. The system developed for this charger will meet or exceed the 90%
efficiency requirement at full load.

Power Rating of the Charging System

As specified in the RFP, the charging station developed in this project will use
Level 2 (40 amps at 240 volts) electrical service. The power rating adopted for
charging systems on this electrical service is 6.6 kW, which will be the target of
the design in this prototype charging system.

Power Factor

The power factor of the chargers is generally in the mid 80-90% range. This
characteristic can be influenced in the design process, as the parameters involved
can be controlled by the system designer.

Harmonic Content

The harmonic content in the input current to charging systems has recently
become an issue of much interest. Harmonics tend to increase the “iron” losses in
the cores of utility system transformers, increase the resistive and other parasitic
losses in electrical lines, and in some cases cause radiation of electromagnetic
energy. The severity of these effects from a particular harmonic is highly
dependent on the frequency involved. Core losses increase approximately as the
square of frequency, so that the loss from one hundredth of a percent of ripple
harmonic at 100 kHz would cause approximately the same loss, as would 10% of
180 Hz harmonic.

Some chargers use solid-state switching at frequencies from 360 Hz to over 100
kHz, which can create square current wave forms rich in high-frequency

- harmonics. Thus, the fundamental switching frequency is of concern, and higher
frequency harmonics can be even more troublesome. Cables that carry currents
that include high-frequency harmonics—in effect antennas—must be rigorously
shielded to prevent radiation. Utility services that carry input current containing
high-frequency ripple can be especially troublesome in a home environment,
because the house wiring functions as an antenna that can radiate interference
into computers and other sophisticated communication and control devices in -
the home. This kind of radiation from solid-state motor controllers in EVs has
been known to randomly operate radio-controlled gates and other devices.

The Inductran charging system does not use solid-state power switches. The
interface with the utility electrical service is generically very similar to that of the
typical single-phase electric motor, whose low-frequency harmonics are rarely of
concern. There is no possibility of troublesome radiated energy from faulty
cables or current ripple, since any measurable harmonics are far below even the
VLF radio frequency band, which extends down to 3 Hz.
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Optional Charging Configurations

Inductran’s inductively coupled charging systems have been implemented in a
variety of configurations on industrial vehicles. Interfacing the charging system
with a particular vehicle requires carefully considering not just where sufficient
useful space might be available, but also several other important issues.
Surveying and evaluating the options for arranging the charging system on the
chosen vehicle is thus the first step in arriving at an optimal system design.

The automobile chosen as the demonstration vehicle in this project is a 1995
Saturn sport coupe, which is to be equipped with a (nominal) 6.6 kW automatic
charging system. This vehicle has some unique constructional features. It does
not, however, diff